© Versita Sp. z o.o. This paper deals with a study of the biosorption of UO 2 2+ ions on two green algae: Chlorella vulgaris and Dunaliella salina. By investigating the retention degree versus contact time from Langmuir and Freundlich biosorption isotherms, kinetic investigations and FTIR spectra it was found that the biosorption process was greater for Chlorella vulgaris than for Dunaliella salina. A new kinetics method is proposed to establish the reaction order concerning the biosorption process of uranyl ions on these biomasses.
Introduction
In order to purify effluents resulting from acid or alkaline maceration of uranium ores used for leaching of UO 2 2+ ions from different nuclear facilities or waters from uranium mines among others, microbiological collectors and various hydrophytic plants have been used as biosorbents. In this respect, a series of detailed scientific monographs and articles have been published [1] [2] [3] [4] [5] . In addition, there are papers that describe the use of bacteria, fungi, yeast and algae for remediation of wastewaters contaminated with heavy metals including actinides. Sarri et al. [6] have described purification of contaminated waters with UO 2 2+ using microorganisms such as Saccharomyces cerevisiae, Debaryomyces hansenii, Kluyveromyces marxianus, and Candida calliculosa and found that the bioaccumulation can be described by Langmuir and Freundlich adsorption isotherms. Bozkurt et al. [7] have investigated the biosorption of U(VI) and Th(IV) by alga Ulva gigantea (Kützling) and a species modified with glutaraldehyde, depending on contact time between biomass and solution and the pH-values of reactant system. These authors found that biosorption also depends on the chemical species of uranium and thorium which appeared at different pH values. The Fourier transform infrared (FTIR) spectra studies have concluded that the vibration bands of the functional groups OH, C = O, C-O or S-O attached to sorbent biomolecules are affected by the presence of the intermediate chemical compounds.
A similar study on biosorption of U(VI) on a composite: alga-mineral was published by Donat et al. [8] , which described the process from a thermodynamic point of view, using biosorption isotherms, the enthalpy, entropy and Gibbs free energy values. Studies have also been performed on the retention of uranium from simulated mine waters using other organisms [9, 10] ions from a pure solution of UO 2 (NO 3 ) 2 that has a concentration similar to the effluents that result from alkaline leaching of uranium ore. We intended to compare the biosorption capacity of these two algae, which has not been studied in detail before.
Experimental procedure
At the beginning, a 5×10
-3 M aqueous solution of uranyl nitrate was prepared with a pH value of 6.5-7.
Growth of the algae
The green algae, Chlorella vulgaris and Dunaliella salina were purchased in suspension from the Institute of Microbiology from Chisinau, Academy 
Conducting laboratory experiments
In the investigation the following aspects were intended:
-the retention in time of uranyl ions on the same amount of alga; -the biosorption of uranyl ions on different amounts of alga, after a certain contact time between pure solution of UO 2 (NO 3 ) 2 and Chlorella vulgaris and Dunaliella salina, respectively.
For this, cylindrical vials made of clear glass with a capacity of 100 mL were prepared and both established amounts of uranyl nitrate and each alga, in suspension, were poured. The final volume of the solution from each vial was 60 mL, adjusted if necessary with distilled water. The system was shaken intermittently. Previously it was established that 10 mL of suspension contains a quantity of dry biomass of 0.131 mg for Chlorella vulgaris and 0.175 mg for Dunaliella salina, respectively. At various time intervals the samples were transferred to conical tubes to achieve biomass separation by centrifugation of the remaining solution, (4000 rot min -1 for 3 minutes). Then 5 mL of supernatant were extracted to determine the concentration of uranyl ions spectrophotometrically by the method with Arsenazo III [30] . The absorbance of the solutions was read with a UV-Vis Cole-Parmer -2100 spectrophotometer at a wavelength of 660 nm. Uranyl ions concentrations were determined from a Lambert-Beer calibration line drawn at the beginning of the experiments.
Experimentally obtained data were used in plotting curves representing the variation of the retention degree of uranyl ions on biomass at different time intervals and to plot the Langmuir and Freundlich biosorption isotherms of the same metal ions on different amounts of Chlorella vulgaris and Dunaliella salina, to account for the biosorbent parameters. Some of the experimental data were used for kinetics and FTIR studies, too.
Results and discussion

Influence of contact time on the adsorption
The retention degree (R) in time of adsorbed UO 2
2+
ions by Chlorella vulgaris and Dunaliella salina, was calculated using the formula:
here C 0 and C are the concentrations at the initial state and at a certain time of uranyl ions in the solution of UO 2 (NO 3 ) 2 after a contact time of: 0.5; 1; 2; 4; 8 and 24 h with a given amount of alga: Chlorella vulgaris, i.e., 0.2607 mg and 0.3519 mg Dunaliella salina, respectively.
The practical results obtained are plotted in Fig. 1. 
Adsorption isotherms
The biosorption Langmuir isotherms (as straight lines) were obtained by plotting the experimental data in coordinates 1 / q = f (1 / C), according to equation:
Here q is the concentration of UO 2 2+ ions retained on the amount of biomass m located in a volume V = 60 mL of solution. The value of q (mmol g -1 dry algae) is calculated with the formula:
In Eq. 2 q 0 refers to the equilibrium saturation capacity for a monolayer metal ion deposited on alga and K L is the energy of adsorption (or affinity) of UO 2 2+ on biomass. These two parameters are determined from the intercept of the line (isotherm) with the ordinate q 0 and from its slope, K L , respectively.
Note that there is the following relationship between the saturation capacity (q 0 ) at equilibrium and the maximum capacity of biosorption (q m ): where C eq is the concentration of UO 2 2+ at equilibrium stage.
Moreover, q m is related to the affinity of binding sites on biosorbent surface of a monolayer of UO 2 2+ ions. Freundlich sorption isotherms are obtained by plotting the experimental data in coordinates: ln q = f (ln C), corresponding to the logarithmic expression:
These two parameters resulting from the intercept with ordinate of Freundlcih isotherm line (K F ) or from its slope (tg α = 1/n), are empiric constants for an interaction sorption: biosorbent-metal ions. K F is connected to the biosorption capacity of alga, while n means the interaction intensity: metal-biomass. The obtained results are briefly presented in Table 2 .
The parameters values q m , K L , K F and n presented in Table 2 had similar magnitude order found by other authors who have investigated biosorption of heavy metals on different biomasses [31, 32] . Taking into account these values, it can be observed that the retention of UO 2 2+ ions is higher on Chlorella vulgaris than on Dunaliella salina.
The kinetic studies
The kinetic studies were used to determine the reaction order of the biosorption process of UO 2 2+ ions on the two algae. In this respect, it was proposed a more simplified kinetic method [33] than the usual determinations based on the concordance between experimental ( exp o q ) and theoretical adsorption capacity ( t o q ) at equilibrium as is described in some papers [34] [35] [36] [37] .
As such, the retention of UO 2 2+ ions by algae may occur in two ways, namely:
-by simple adsorption of these ions on the surface of biomass (X);
-by ion exchange/chemosorption through complexation by means of functional groups (R) of biomolecules in living cells of considered alga composition:
Inside of biomass these processes are described by kinetic equations (in integrated form) of order 1 or 2, taking into consideration two pairs of values for t and for C, i.e.:
and 1 1 1 2 2 1 2 1
which correspond to pseudo-first order (k 1 ) and pseudosecond order (k 2 ) kinetics. Taking into account the experimental data on the time variation of the concentration of ions UO 2 2+ remaining in the solution put into contact with a quantity of biomass, for the following pairs of values (t 1 -t 2 ) and (C 1 -C 2 ), (t 2 -t 3 ) and (C 2 -C 3 ), (t 3 -t 4 ) and (C 3 -C 4 ) etc., the rate constants are calculated using Eqs. 9 and 10, resulting pseudo-first order, and if they correspond to k 2 , it means that the biosorption process is of pseudo-second order. The results of kinetic studies are summarized in Table 3 .
From this table it appears that the values for the rate constants correspond to a pseudo-second order reaction, because they fluctuate around an average characteristic of k 2 . Moreover, comparing the k 2 values for the two algae, it is evident that the rate of biosorption of uranyl ions by Chlorella vulgaris is higher than for Dunaliella salina.
FTIR studies
To demonstrate the biosorption of UO 2 2+ ions on the two algae FTIR spectra were drawn, both for Chlorella vulgaris and Dunaliella salina separately and in the presence of these metal ions after a contact time radioactive solution-biomass of 72 h. A Bruker Alpha spectrophotometer was used to obtain the FTIR spectra which were recorded in a KBr thin disk.
The resulting FTIR spectrograms (Fig. 2) confirm the biosorption of UO 2 2+ ions on the two algae, by shifting vibration bands corresponding to functional groups of biomolecules in living cells of biosorbents composition. Although the bound between metallic ion (UO 2 2+ ) and the organic ligand below 400 cm -1 could not be identified, nevertheless the displacement of vibration bands was observed between 650-1780 cm -1 corresponding to the following functional groups: -OH, -COOH, -NH 2 , -CH 3 , > PO 3H , > C = O, > NH, > N-OH from the structure of the different biopolymers of living cells [38] .
Taking into account the FTIR spectra and the biochemical composition of the algae ( 
Conclusions
-Among other microbiological collectors it was found that Chlorella vulgaris and Dunaliella salina can be used to purify the contaminated wastewaters with UO 2
2+
ions that are byproducts of the uranium technology preparation of nuclear fuel elements.
-The characteristic parameters connected to Langmuir and Freundlich biosorption isotherms point out that the uptake of UO 2 2+ ions is stronger on Chlorella vulgaris than for Dunaliella salina due to the biochemical and physiological properties of these biomasses.
-A kinetic method has been proposed to establish the reaction order of this biosorption process.
-By means of FTIR spectra we proved that the retention of UO 2 2+ on biomasses takes place through shifting of vibration bands belonging to several functional groups of biomolecules inside of living cells.
